Abstract. Epithelial-to-mesenchymal transition (EMT) may result in damage to the peritoneum and the development of fibrosis in peritoneal mesothelial cells (PMCs). However, the mechanism underlying EMT in peritoneal mesothelial cells is not well understood. Heat shock proteins (HSPs) were initially identified as proteins that are expressed following exposure of cells to environmental stress. However, their function in the development of EMT in PMCs remains to be fully elucidated. In the present study, the effect of HSP70 on advanced glycation end-products (AGEs)-induced EMT in peritoneal mesothelial cells was investigated by overexpression of this protein using a plasmid and knockdown of HSP70 using small interfering RNA. In addition, the underlying molecular mechanisms were explored. The results demonstrated that AGEs activated changes associated with EMT, including the loss of E-cadherin and the increase in α-smooth muscle actin.
Introduction
Hemodialysis (HD) and peritoneal dialysis (PD) are the primary dialysis modalities used for patients with end-stage renal disease (ESRD). PD is a simple, 'low-tech' form of renal replacement therapy that is less expensive than conventional in-center hemodialysis in numerous parts of the world (1). Since 1980, there has been a rapid increase in the number of patients receiving PD (2) . In 2008, the number of patients receiving PD globally was ~196,000, which accounted for 11% of the total number of those on dialysis. In total, 59% were treated in developing countries and 41% in developed countries (3) . The number of patients worldwide who were treated with PD increased from 1997 to 2008, with a 2.5-fold increase in the prevalence of patients receiving PD in developing countries (3) . However, due to continuous exposure to non-biocompatible PD solution, the peritoneal membrane undergoes structural and functional alterations, which ultimately lead to peritoneal fibrosis and therefore limit the long-term clinical application of PD (4, 5) .
The use of glucose-based peritoneal dialysis fluid (PDF) has a number of disadvantages, including high concentrations of hyperosmotic glucose and glucose degradation products (GDPs), which may activate various inflammatory cytokines and growth factors that result in damage to the peritoneum and the development of fibrosis in peritoneal mesothelial cells (PMCs). Recent studies have shown that high glucose peritoneal dialysis solutions may result in peritoneal fibrosis (6,7).
Heat shock protein 70 protects rat peritoneal mesothelial cells from advanced glycation end-products-induced epithelial-to-mesenchymal transition through mitogen-activated protein kinases/extracellular signal-regulated kinases and transforming growth factor-β/Smad pathways However, further research is required into the induction of peritoneal fibrosis by glucose degradation products. Heat sterilization of glucose-based PDFs produces GDPs, which accelerate the formation of advanced glycation end-products (AGEs) within the peritoneal cavity. The accumulation of AGEs is observed in peritoneal mesothelial and submesothelial layers in patients on continuous ambulatory PD (CAPD), in association with peritoneal thickening (8, 9) . However, the role of AGEs in the development of peritoneal fibrosis has remained elusive.
HSP70, a member of the heat-shock family of proteins, is an ATP-dependent molecular chaperone. It participates in numerous signaling pathways that are involved in growth control, cell survival and developmental processes (10) . However, the role of HSP70 in AGEs-induced epithelial-to-mesenchymal transition (EMT) of peritoneal mesothelial cells remains to be elucidated. The present study aimed to investigate the mechanisms of AGEs-induced EMT, changes in the expression of HSPs, as well as the role of HSP70 in peritoneal mesothelial cells during EMT.
Materials and methods
Reagents. AGEs were obtained from (Sigma-Aldrich, St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM)/F12 and fetal bovine serum (FBS) were obtained from Gibco Laboratories (NY, New York, USA). Dimethyl sulfoxide (DMSO) and Triton X-100 were purchased from Sigma-Aldrich. Mouse monoclonal immunglobulin (Ig)G anti-β-actin (1:400) and rabbit polyclonal IgG anti-phospho (p)-Smad3,4 (1:400) antibodies were obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Mouse monoclonal IgG1 anti-α-smooth muscle actin (α-SMA; 1:400) and mouse monoclonal IgG1 anti-E-cadherin (1:400) antibodies were obtained from BD Biosciences (Heidelberg, Germany), mouse monoclonal IgG anti-HSP70 (1:400) was obtained from Sigma-Aldrich. An enhanced chemiluminescence (ECL) kit was obtained from Pierce Biotechnology, Inc. (Rockford, IL, USA). The reverse transcription-polymerase chain reaction (RT-PCR) kit was obtained from Toyobo Co., Ltd. (Osaka, Japan). The flow cytometer (FACSCalibur), was obtained from Becton-Dickinson (Franklin Lankes, NJ, USA). All reagents used were of trace element analysis grade. All water used was glass distilled.
Isolation of RPMCs and identification.
A total of 4 Sprague-Dawley rats (aged, 12-16 weeks; weight, 0.2-0.4 kg) of both genders were used for the following experiments. All animal procedures were approved by the ethics committee of Xinxiang Medical University (Henan, China) and were performed in compliance with the European Economics Community regulations (O.J. of E.C.L358 12/18/1986) and the National Institute of Health standards (11) . Rat peritoneal mesothelial cells (RPMCs) were isolated and cultured. Briefly, surgically resected omenta from sacrificed Sprague-Dawley rats were digested with 0.125% trypsin (Sigma-Aldrich) for 25 min at 37˚C, followed by neutralization with DMEM/F12 medium supplemented with 10% FBS. The suspension was centrifuged at 60 x g for 5 min at 4˚C and the pellet was resuspended in DMEM/F12 with 10% FBS. Following incubation for 1-3 days at 37˚C, the medium was changed for the first time. Cells were then transferred to serum-free DMEM/F12 medium for overnight starvation prior to subsequent experiments. RPMCs were observed under a phase contrast inverted microscope (CKX41; Olympus Corp., Tokyo, Japan) and identified using immunocytochemistry. RPMCs were treated with various concentrations of AGEs (0, 0.6, 1.2 and 2.5 mg/ml) for 24 h. The following primary antibodies were diluted in Ab solution (2% v/v NDS/NGS, 0.5% w/v BSA and 0.05% Triton-X 100 in PBS) and applied to cells for incubation overnight at 4˚C: Cytokeratin (sc-57004; 1:400), vimentin (sc-373717; 1:400), VIII-related antigen (sc-366000; 1:200) and CD45 (sc-28369; 1:200) (Santa Cruz Biotechnology, Inc.). Following washing with PBS, the secondary antibodies (FITC-conjugated and tetramethylrhodamine-conjugated goat anti-mouse IgG antibodies; Santa Cruz Biotechnology, Inc.) were diluted in Ab solution and applied at room temperature for 1 h. Cells were subsequently washed and Hoescht stain (Sigma-Aldrich) was applied prior to the addition of antifade reagent (CitiFluor Ltd., London, UK), which was then left to permeate at room temperature for 1 h prior to imaging with the GPJ9-TS100-F fluorescence microscope (Nikon Corp., Tokyo, Japan). RPMCs were positive for cytokeratin and vimentin and negative for factor VIII-related antigen and leukocyte CD45 antigen.
Immunocytochemistry (ICC)
.
Detection of intracellular reactive oxygen species (ROS) levels.
In order to determine ROS generation within AGEs-treated cells, FACS analysis was performed. Cells were stained with 5 µg/ml DCF-DA for 30 min and subjected to flow cytometry using a Becton-Dickinson FACSCalibur prior to analysis by Cell Quest software, version 5.2.1 (Becton-Dickinson).
RNA interference plasmid construction and transient transfection. Small interfering RNA (siRNA) corresponding to the rat HSP70 cDNA was generated by cloning the synthesized oligonucleotide into pSilencer 2. 1-U6-neo plasmid by Genechem Co. (Shanghai, China). The following sequences for anti-Hsp70 were used: Forward, 5'-UUACCUGGCUCUUUGCUGCUGCUCC-3' and reverse, 5'-G GAG CAG CAG CA A AGAG CCAG GUA A-3'. T he siRNA-HSP70 targeting sequences matched exactly with partial sequences of the rat HSP70 gene, but not with any other known genes. The control siRNA did not match any known rat gene. According to the manufacturer's instructions, transient transfections were performed using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA). These experiments were performed in six-well culture plates. Transfection efficiency averaged between 50-60%. Cells were allowed to recover in medium for 24 h following transfection.
The cultures were then treated with agents and subjected to further analysis.
HSP70 overexpression plasmid construction and transient transfection.
According to the manufacturer's instructions, plasmids expressing HSP70-cDNA gene were transfected into RPMCs using Lipofectamine 2000. These experiments were performed in six-well culture plates. Transfection efficiency averaged between 50-60%.
Preparation of total cellular proteins. RPMC lysates were prepared using 20 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% Triton X-100; 2.5 mM EDTA; 2.5 mM EGTA; and 1:200 protease inhibitor (Calbiochem, La Jolla, CA, USA). Lysates were kept on ice for 30 min and centrifuged at 10,000 x g for 10 min at 4˚C. Protein concentration was determined using a bicinchoninic acid protein assay kit (Pierce Biotechnology, Inc.) according to the manufacturer's instructions.
Western blot analysis. Samples containing 10 µg protein were electrophoresed and then transferred to nitrocellulose membranes (Millipore, Billerica, MA, USA). The nitrocellulose membrane was cut according the molecular weight of protein and incubated with primary antibodies. The following primary antibodies were used: Anti-α-SMA (1:400), anti-β-actin (1:400), anti-E-cadherin (1:400), anti-HSP70 (1:400) and anti-phospho Smad3,4 (1:400), and incubated overnight at 4˚C. The horseradish peroxidase-conjugated secondary IgG antibodies (goat anti-mouse and goat anti-rabbit; 1:5000; Santa Cruz Biotechnology, Inc.) were subsequently appliedfor 1 h at 4˚C. Detection was performed using the ECL kit. The quantity of each protein was measured relative to that of β-actin. The results were quantified by Quantity One Software v4.62 (Bio-Rad Laboratories, Hercules, CA, USA).
Fluorescence microscopy. RPMCs were seeded in six-well plates for 24 h. Cells were washed once with ice-cold PBS and fixed with 4% paraformaldehyde (Sigma-Aldrich) for 30 min at 4˚C. Cells were then washed with PBS three times and incubated with 1% Triton X-100 for 10 min. Cells were blocked at nonspecific antibody binding sites by incubating with 10% goat serum (Gibco Laboratories) in PBS containing 0.3% Triton X-100 and 0.5% BSA for 30 min at room temperature, followed by incubation with a mouse monoclonal antibody against HSP70 (1:400) overnight. A fluorescein isothiocyanate-conjugated goat anti-mouse IgG antibody (1:100 in PBS) was added and incubated for 0.5 h at room temperature. Hoechst 33342 (Sigma-Aldrich) was added to the cells for 15 min. Cells were washed three times with PBS and visualized under fluorescence microscopy (GPJ9-TS100-F; Nikon Corp.).
RT-PCR.
Total RNA from cultured cells was isolated using TRIzol reagent (Invitrogen Life Technologies). RNase-free DNase I was used in order to eliminate genomic DNA contamination in the RNA samples. The 260/280 absorbance ratio was measured for verification of the purity of RNA. The sequences of the HSP70 and β-actin genes were obtained from the GenBank database (www.ncbi.nlm.nih. gov/genbank/), and specific primers for them were designed over an exon-exon junction using Primer Premier 5.0 (Premier Biosoft, Palo Alto, CA). The following primers were used: Forward, 5'-AGCGGGAAATCGTCGGTG-3', and reverse, 5'-GGGTACATGGTGGTGCCG-3' for β-actin; forward, 5'-ACCAACTATTGCTTCAGCTC-3' and reverse, 5'-CTTGCAGGAGCGCACGATCA-3' for transforming growth factor-β (TGF-β); and forward, 5'-TACATATGGCCAAAGCCGCGGCAGTCG-3' and reverse, 5'-TGCTCGAGATCTACCTCCTCAATGGTGGG-3' .01 vs. 0 h group. AGEs, advanced glycation end-products; α-SMA, α-smooth muscle actin; RPMCs, rat peritoneal mesothelial cells; EMT, epithelial-to-mesenchymal transition; SEM, standard error of the mean; E-Ca, E-Cadherin; BSA, bovine serum albumin.
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for HSP70. PCR reactions were performed using a Gene Amp PCR system 9700 (PerkinElmer, Inc., Waltham, MA, USA) and amplified as follows: cDNA templates were initially heat-denatured at 94˚C for 3 min followed by 94˚C for 1 min, annealing at 58-65˚C for 1 min, extension at 72˚C for 1 min (35 cycles) and a final extension cycle at 72˚C for 10 min. The amplified products were separated by electrophoresis on a 2% agarose gel (Sigma-Aldrich) and visualized by ethidium bromide staining (Sigma-Aldrich). Image density was quantified using a FluoroImager SI (GE Healthcare, Little Chalfont, UK).
Statistical analysis.
Values are expressed as the mean ± standard error of the mean. Statistical significance was established by analysis of variance and individual comparisons were then made using Tukey's multiple comparison test. P<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using SPSS Version 18 (International Business Machines, Armonk, NY, USA).
Results

Effect of AGEs on EMT in PMCs.
In order to elucidate the mechanism underlying the induction of EMT by AGEs, the expression of E-cadherin and α-SMA in RPMCs was measured under different conditions. The PMCs were cultured with 1.2 mg/ml BSA or 1.2 mg/ml AGEs for 24 h. The results demonstrated that treatment with AGEs decreased the expression of the E-cadherin protein and increased that of the α-SMA protein, compared with those in the control or Fig. 1A-C) . Western blotting showed a dose-dependent change in the expression of EMT-associated proteins in AGE-treated PMCs (Fig. 1D-F) . The results indicated that AGEs induced EMT and led to increased EMT events in PMCs.
AGEs activate the TGF-β/Smad pathway in RPMCs.
The TGF-β/Smad signaling pathways have been reported to be involved in EMT (12) . The present study aimed to investigate whether TGF-β/Smad signaling in RPMCs is involved in AGEs-induced EMT. RPMCs were treated with 1.2 mg/ml BSA or 1.2 mg/ml AGEs for 24 h in order to induce EMT, and the expression of TGF-β mRNA and p-Smad3,4 were detected by RT-PCR and western blotting, respectively. Under controlled conditions (1.2 mg/ml BSA for 24 h), administration of BSA did not increase the levels of TGF-β mRNA and the p-Smad protein. By contrast, following exposure to AGEs, levels of TGF-β mRNA and p-Smad3,4 protein were found to be markedly increased compared with those in the control or BSA group ( Fig. 2A and E) . Fig. 2C and H show a dose-dependent change in the expression of TGF-β mRNA and p-Smad3,4 in PMCS treated with AGEs, as detected by RT-PCR and western blotting. These results supported the hypothesis that AGEs effectively activate the TGF-β/Smad signaling pathways.
AGEs activate the ROS/mitogen-activated protein kinases (MAPK)-extracellular signal-regulated kinases (ERK)
pathway in RPMCs. The ROS/MAPK-ERK signaling pathway has been reported to be involved in EMT (13, 14) . The present study aimed to investigate whether ROS/MAPK-ERK signaling in RPMCs is involved in AGEs-induced EMT. RPMCs were treated with 1.2 mg/ml BSA or 1.2 mg/ml AGEs for 24 h in order to induce EMT. Cells were then stained with DCF-DA in order to detect intracellular ROS production. The expression of p-ERK was detected by western blotting. Following culture with AGEs, intracellular levels of ROS and p-ERK were found to be markedly increased compared with those in the control or BSA group (Fig. 3A and C) . Fig. 3E shows a dose-dependent change in the expression of p-ERK in PMCs treated with AGEs, as detected by western blotting. These results supported the hypothesis that AGEs effectively activated the ROS/MAPK-ERK signaling pathway.
AGEs upregulate the expression of HSP70 in RPMCs. HSP70 may be upregulated by numerous stresses within cells, including heat, oxidative stress and chemical injury (15) . Therefore, the present study explored whether treatment of PMCs with AGEs altered the expression of HSP70. Cells were treated with 1.2 mg/ml BSA or 1.2 mg/ml AGEs for 24 h and the expression of HSP70 was detected by western blotting and fluorescence microscopy. As shown in Fig. 4A -C, treatment with AGEs increased the levels of HSP70. This induction was sustained following AGEs stimulation, in comparison with the control or the BSA group. As shown in Fig. 4D and E, there was a dose-dependent increase in the expression of HSP70 in 
HSP70 inhibits AGEs-induced EM T in RPMCs.
In order to investigate whether HSP70 protects against AGEs-induced EMT, PMCs were transfected with a plasmid expressing the HSP70-cDNA gene or siRNA-HSP70. RT-PCR analysis was performed on isolated total RNA in order to measure the level of HSP70 mRNA following HSP70-pcDNA3.1/myc-HisA and HSP70-siRNA transfection for various time periods (Fig. 5A and B) . When cells were transfected with HSP70-pcDNA3.1/myc-HisA, the expression of HSP70 was significantly increased compared with that in the control groups and HSP70 levels peaked at 48 h. By contrast, HSP70 expression was decreased compared with that in the control group following transfection with siRNA-HSP70. The lowest expression of HSP70 was found 
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48 h following transfection with siRNA-HSP70. The control group, HSP70-overexpressing group and HSP70-siRNA groups were then treated with or without 1.2 mg/ml AGEs for 24 h, following which the levels of the E-cadherin and α-SMA proteins were assessed by western blotting. As shown in Fig. 5C , overexpression of HSP70 significantly decreased AGEs-induced EMT, as evidenced by the reduction in the upregulation of α-SMA and the ameliorated expression of the epithelial protein E-cadherin. By contrast, siRNA-mediated suppression of HSP70 exacerbated AGE-induced EMT. Of note, treatment with siRNA plasmids expressing HSP70 alone did not induce EMT-mediated events in RPMCs.
HSP70 inhibits the TGF-β/Smad pathway in RPMCs treated
with AGEs. In order to investigate whether HSP70 activates or inhibits TGF-β/Smad signaling in RPMCs during AGEs-induced EMT, the control group, HSP70-overexpression group and HSP70-siRNA group were treated with or without 1.2 mg/ml AGEs for 24 h, following which the expression of TGF-β mRNA and p-Smad3,4 were detected by RT-PCR and western blotting. As shown in Fig. 6 , overexpression of HSP70 significantly inhibited the TGF-β/Smad signaling pathway, as indicated by the reduction in the AGEs-induced upregulation of TGF-β and p-Smad3,4. By contrast, siRNA-mediated suppression of HSP70 exacerbated the AGEs-induced activation of the TGF-β/Smad signaling pathway.
HSP70 inhibits the ROS/MAPK-ERK pathway in AGEs-treated
RPMCs. In order to investigate whether HSP70 activates or inhibits ROS/MAPK-ERK signaling in RPMCs during AGEs-induced EMT, the control group, HSP70-overexpression group and HSP70-siRNA group were treated with or without 1.2 mg/ml AGEs for 24 h, following which the expression of p-ERK and intracellular ROS production were measured. As shown in Fig. 7 , overexpression of HSP70 significantly inhibited the ROS/MAPK-ERK signaling pathway, as demonstrated by the reduction in the AGEs-induced upregulation of intracellular ROS production and p-ERK expression. By contrast, siRNA-mediated suppression of HSP70 further exacerbated AGEs-induced activation of the MAPK-ERK signaling pathway.
Discussion
AGEs result from a series of non-enzymatical reactions, forming Schiff base and Amadori compounds that are generated from glucose and other reducing sugars. AGEs accumulate in diverse pathological conditions, including atherosclerosis and oxidative modifications that alter cellular structure, function and inflammation (16, 17) . When peritoneal proteins are exposed to high-glucose dialysate during long-term PD, a glycosylation reaction occurs, producing AGEs. Diabetic kidney disease is a primary cause of morbidity and mortality in diabetic patients. Longitudinal hyperglycemia increases intracellular sugars and the derivatives of these may be involved in glycation and AGE formation (18) . AGEs are normally excreted in urine in healthy subjects with a high renal clearance. However, this clearance markedly declines in patients with chronic renal failure. Accumulation of AGEs is further increased in patients with end stage renal disease on PD or HD as a result of increased AGE formation (19) . Therefore, the present study aimed to investigate whether AGEs are involved in the formation of peritoneal fibrosis.
EMT is important in the processes of cellular transdifferentiation during embryonic development, tumour invasion and metastasis as well as in the development of tissue fibrosis (20) . EMT is involved in fibroblast genesis during organ fibrosis in adult tissues. A previous study demonstrated that PMCs underwent EMT during PD (21) . The present study investigated whether the effects of AGEs in the development of peritoneal fibrosis are due to EMT. As shown in Fig. 1, treatment with AGEs reduced the expression of the E-cadherin protein, increased the expression and led to increased EMT events in PMCs. A previous study showed that TGF-β/Smads signaling is important in the promotion of EMT (22) . The present study demonstrated that a dose-dependent change in the expression of TGF-β mRNA and p-Smad3,4 was induced by AGE treatment of PMCs. These results support the hypothesis that AGEs effectively activate the TGF-β/Smad signaling pathways. Although the molecular regulation underlying the EMT has been extensively studied in other cell systems, predominantly in tumor cells, the signaling pathways involved in this process have remained to be fully elucidated. The present study demonstrated that the ROS/MAPK-ERK signaling pathway participated in the AGE-induced EMT in RPMCs.
The HSP70 protein family and their co-chaperones constitute a complex network of folding machines which is utilized by cells in numerous ways, allowing them to adapt to gradual changes in their environment and to survive in what would otherwise be lethal conditions (23) . With respect to the HSP70 proteins it is elusive whether their activity inhibits EMT in RPMCs. The present study demonstrated that stimulation by AGEs upregulated the expression of HSP70, which in turn reduced EMT. The effects of HSP70 were investigated by modulating HSP70 expression through siRNA knockdown and plasmid overexpression. Overexpression of HSP70 significantly reduced AGEs-induced EMT, while siRNA-mediated suppression of HSP70 exacerbated AGE-induced EMT. Furthermore, HSP70 inhibited the TGF-β/Smad and ROS/MAPK-ERK signaling pathways, thereby antagonizing EMT-associated events.
In conclusion, the present study provided a detailed assessment of the capacity of HSP70 to weaken or inhibit AGE-induced EMT in PMCs. AGE-induced EMT occurs via independent mechanisms, involving the TGF-β/Smad signaling pathway and ROS/MAPK-ERK activation. Furthermore, HSP70 was shown to inhibit these two pathways. The potential role of HSP70 in EMT, as well as the involvement of upstream and downstream signaling molecules, requires further investigation in order to identify possible therapeutic targets, which may inhibit EMT in peritoneal fibrosis.
